the following corrections. Dots represent the same state as in the ancestor sequence. ϩ and Ϫ in polymorphism number 5 represent presence or absence of a 5-bp motif, respectively. Abbreviations: B, Basques; J, Japanese; K, Kenyans; P, Pygmies; and U, U.K.
BIOCHEMISTRY. For the article ''Functional transitions in myosin:
Formation of a critical salt-bridge and transmission of effect to the sensitive tryptophan'' by Hirofumi Onishi, Shin-ichiro Kojima, Kazuo Katoh, Keigi Fujiwara, Hugo M. Martinez, and Manuel F. Morales, which appeared in number 12, June 9, 1998, of Proc. Natl. Acad. Sci. USA (95, (6653) (6654) (6655) (6656) (6657) (6658) , the authors note the following correction. Recently, it has been discovered that the heavy meromyosin (HMM) mutant described as E470R͞ R247E HMM was actually P548G HMM. Examination and subsequent experiments with authentic E470R͞R247E HMM revealed that although its tryptophan fluorescence is increased upon addition of ADP or ATP, its intrinsic ATPase at all ATP concentrations examined, 0.5-4 mM, was far less than that of wild type. As before, it was not actin-activated. Therefore, our revised conclusions are: (i) our observations do not conflict with Rayment's suggestion that at some stage preceding hydrolysis, bridge formation occurs; (ii) for fluorescence enhancement, the reversed dipole of the mutant is at least partly effective; (iii) although ATP binds as suggested by the partial tryptophan enhancement, the salt bridge does not form properly, so hydrolysis is therefore precluded; and (iv) we cannot deduce anything about actin activation because intrinsic ATPase is absent. It seems that in E470R and R247E HMMs, electrical repulsion precludes bridge formation, and therefore, hydrolysis. Ehrlichiae are responsible for important tick-transmitted diseases, including anaplasmosis, the most prevalent tick-borne infection of livestock worldwide, and the emerging human diseases monocytic and granulocytic ehrlichiosis. Antigenic variation of major surface proteins is a key feature of these pathogens that allows persistence in the mammalian host, a requisite for subsequent tick transmission. In Anaplasma marginale pseudogenes for two antigenically variable gene families, msp2 and msp3, appear in concert. These pseudogenes can be recombined into the functional expression site to generate new antigenic variants. Coordinated control of the recombination of these genes would allow these two gene families to act synergistically to evade the host immune response.
A ntigenic variation in major surface proteins of tick-borne bacterial pathogens is a primary mechanism for evasion of the host immune response and results in persistent infection. A number of different mechanisms have been reported. For instance, bacteria of the genus Borrelia generate antigenic diversity of the vmp͞vls coat proteins through recombination from a tandem array of silent partial pseudogene cassettes into a telomeric expression site on a linear plasmid (1, 2). Ehrlichial genogroup I pathogens, Ehrlichia chaffeensis, E. canis, and Cowdria ruminantium, have recently been shown to contain tandemly repeated copies of the omp1͞map1 gene family (3-6). These omp1͞map1 tandem repeats are complete gene copies, and multiple copies may be transcriptionally active at a given time, resulting in polymorphic protein expression (3) .
In contrast to a tandem array of genes or pseudogenes for antigenically variable proteins, Anaplasma marginale, a member of ehrlichial genogroup II, contains immunodominant major surface protein 2 (msp2) and msp3 families that include 10 or more variable genes widely dispersed throughout the 1.2-Mb genome (7) (8) (9) . Recently we reported the identification of an operon of four ORFs, containing the msp2 gene at the 3Ј terminus (10) . The other ORFs of the operon occur as a single copy in the A. marginale genome, and the operon has been demonstrated to be a functional expression site for full-length msp2 transcripts. These msp2 transcripts have highly conserved 5Ј and 3Ј ends, interrupted by a central hypervariable region characterized by substitutions, insertions, and deletions. The hypervariable region encodes a diverse array of B cell epitopes that result in evasion of the host immune system. Similarly, MSP3 is also structurally and antigenically variable (11) . Our data show that aside from the expression site in the operon, msp2 does not occur as a full-length gene, but rather as partial pseudogene cassettes, each containing a different hypervariable region and a portion of the 5Ј and 3Ј conserved regions. We have identified nine pseudogenes for msp2 and shown that these pseudogenes recombine into the operon expression site to generate a new hypervariable sequence. Partial pseudogene cassettes appear for the msp3 gene family as well, and the pseudogenes for the two gene families often appear close together. The two pseudogene families have the same 5Ј sequence, indicating that they use the same mechanism to regulate recombination into the expression site.
Materials and Methods
Southern Analysis. Genomic DNA of the A. marginale South Idaho strain was digested with the use of KpnI and separated on a 0.7% agarose gel. The blot was initially hybridized with a msp2 5Ј end-specific probe corresponding to bp 2-335 and then stripped and rehybridized with an orf2-specific probe corresponding to bp 6-359. Generation and digoxigenin labeling of the probes, hybridization, and detection were as recommended by the manufacturer of the PCR labeling kit (Roche Molecular Biochemicals). High stringency wash conditions were as follows: two washes in 2ϫ SSC, 0.1% SDS (wt͞vol) at room temperature, one wash in the same buffer at 65°C, and a final wash in 0.2ϫ SSC, 0.1% SDS (wt͞vol) at 65°C (1ϫ SSC ϭ 0.15 M sodium chloride͞ 0.015 M sodium citrate, pH 7). All washes lasted 15 min.
Bacterial Artificial Chromosome (BAC) Library Construction and Manipulation. Blood was collected from calf 836 during acute A. marginale (St. Maries strain) rickettsemia. Erythrocytes were isolated with the use of Histopaque (Sigma) and embedded in agarose blocks, and cells were lysed within the agarose blocks with the use of proteinase K and SDS (12) . A. marginale genomic DNA was partially digested with HindIII, size selected on pulse field gels, ligated into the vector pBELOBAC11, and electroporated into Escherichia coli strain DH10B. A total of 1,536 BAC clones were arrayed into 384 well plates with an average insert size of 110 Kb. BAC 2439 was selected for sequence analysis after probing with a digoxigenin-labeled (Roche Molecular Biochemicals) msp2 probe (bp 375-965). Random shotgun libraries were constructed from partially digested BAC 2439 DNA. The randomly generated fragments were size selected, cloned into pCRScript (Stratagene), and electroporated into E. coli strain XL-1Blue. Insert DNA was sequenced with the use of BigDye terminator chemistry on an ABI 377XL-96 instrument (PEApplied Biosystems). Data were assembled and analyzed by using SEQUENCHER (Gene Codes, Ann Arbor, MI) and PHRED & PHRAP software (Sanger Centre, Cambridge, UK). When required, gene walking or direct BAC sequencing was performed to ensure a minimum of 2ϫ coverage, with an overall average of 3ϫ coverage. The finished sequence contains 44,557 bp (accession number AF305077).
PCR Cloning of Pseudogenes and Operon-Linked msp2 Fragments.
Ticks fed on A. marginale (South Idaho strain)-infected calf 824 subsequently transmitted the infection to calf 828. Blood was taken during acute rickettsemia for both animals, and genomic DNA was isolated with a Puregene DNA extraction kit (Gentra Systems). Total RNA was isolated with the use of TRIzol Abbreviations: BAC, bacterial artificial chromosome; msp, major surface protein.
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(GIBCO͞BRL). RNA was treated with DNase I, followed by cDNA synthesis with random hexamers, with the use of the Thermoscript reverse transcription-PCR kit from GIBCO͞ BRL. The primers used to amplify the operon-linked hypervariable regions were orf 2 forward primer TCCTAC-CA AGCGTCT T T TCCCC and msp2 reverse primer: TTACCACCGATACCAGCACAA. PCR was performed with DNA, RNA (as negative control), or cDNA and fragments cloned with the pMOSBlue cloning system (Amersham Pharmacia). Inserts were sequenced in both directions with the Big Dye kit and an ABI PRISM automated sequencer (PE-Applied Biosystems). Sequences were compiled and analyzed with the VECTOR NTI (InforMax, North Bethesda, MD) and GCG (University of Wisconsin) software packages.
Results and Discussion
The msp2 gene is estimated to have 10 or more copies (7), whereas the operon containing the expressed copy of msp2 is reported to be a single copy (10) . Importantly, as shown in Fig.  1A , the 5Ј end of msp2 also occurs only as a single copy. Southern analysis of KpnI-digested A. marginale DNA with a msp2 5Ј end probe (bp 2-335) detects two fragments of 1.2 and 4 kb. These same two bands are detected when the blot is rehybridized with an operon-specific probe (ORF2, bp 6-359) and result from a KpnI polymorphism in the hypervariable region of msp2 (Fig.  1B) . Detection of both the 1.2-and 4-kb fragments reflects the oligoclonal nature of the infection in vivo. These data demonstrate that the operon is the only expression site for full-length msp2 transcripts. Therefore the remaining copies of msp2 throughout the genome were hypothesized to be truncated pseudogenes.
To identify potential pseudogenes, a BAC library from the St. Maries strain of A. marginale was screened for the presence of msp2. A 45-kb positive clone (BAC 2439) was sequenced, and two pseudogenes for msp2 and two pseudogenes for msp3 (Fig.  2) were found. A third msp2 pseudogene was previously cloned from the Florida strain in conjunction with msp3 (clone 3-11; ref. 8) but remained unrecognized as such until comparison with the sequences in BAC 2439. This third pseudogene is on the opposite strand of DNA, 321 bp downstream from the 3Ј end of the msp3-11 coding sequence (Fig. 2) . Although these three msp2 pseudogenes do not have uniform start and stop positions, their general structures are similar: they contain a portion of the 5Ј conserved region, continue through the hypervariable region, and contain a portion of the 3Ј conserved region. Thus, these pseudogenes have a structure capable of recombination into the operon expression site to generate new hypervariable regions of msp2.
The motif of a msp3 pseudogene on one strand and a msp2 pseudogene on the opposite strand was observed both in BAC 2439 and in the msp3-11 clone. The 321 bp separating msp2 from msp3 in each of these clones was identical, even though the respective msp2 and msp3 coding regions themselves were not identical between the two clones. Furthermore, Ϸ600 bp 5Ј to msp2 pseudogenes 1 and 3 and msp3 pseudogenes 1 and 2 was highly conserved (93.8-99.7% identity). This 600-bp 5Ј flanking region is indicated in Fig. 2 by ovals. Msp2 pseudogene 2 in BAC 2439 had a 5Ј extension that was not seen in any of the other pseudogenes, such that it started at bp 236 relative to pCKR11.2. Southern analysis indicated that this 5Ј extension occurred only once in the genome and was an aberration that was specific to the St. Maries strain of A. marginale (data not shown). This pseudogene is incapable of encoding a full-length msp2 gene, and it differs from the other msp2 pseudogenes in that it does not have the conserved 600-bp 5Ј flanking region.
The two regions of sequence conservation, the 600-bp 5Ј region and the 321-bp 3Ј region, flanking the msp2 pseudogenes allowed sets of primers to be designed that could specifically amplify msp2 pseudogenes. Primer positions are shown in Fig. 2 relative to msp2 pseudogene 3. Five distinct DNA fragments were obtained by PCR from A. marginale (South Idaho, calf 824) genomic DNA, with four primer combinations (Fig. 3) . These fragments were cloned, and 10 clones from each PCR reaction were sequenced. With this strategy, six additional pseudogenes were identified (Fig. 4) . The ORFs for these pseudogenes start uniformly with the sequence PYQGYHSMLTALE, with identity to full-length MSP2 starting with the serine corresponding to amino acid 112 [numbering based on pCKR11.2, a full-length msp2 gene (7)]. The pseudogenes are 186-194 aa in length, with the variation in length due to differences in the hypervariable region. The four pseudogenes generated with primer R1 (Fig. 2) in the 321-bp intergenic region uniformly ended at amino acid 284 (Fig. 4) . The remaining two pseudogenes were generated with primer R2 in the 3Ј conserved region of msp2 (Figs. 2 and 4) .
The close positioning of msp2 and msp3 pseudogenes in a tail-to-tail arrangement was a recurring motif in the genome. In addition to msp2 pseudogenes 2 and 3 found in this arrangement, four of the six msp2 pseudogenes cloned in this study were amplified with the use of a primer specific for the intergenic region between these two genes, indicating that they, too, were arranged in the same manner. Furthermore, amplification of A. marginale DNA with the use of a single primer, F1, specific for the 5Ј flanking region generates a product of Ϸ4.3 kb, the expected size of the pseudogene complex, corresponding to a 5Ј flanking region, a msp3 pseudogene, the 321-bp intergenic region, with a msp2 pseudogene, and a second 5Ј flanking region on the opposite strand (Fig. 2) .
The pseudogenes are not functional transcription units, as there are no promoter consensus sequences within 350 bp of the first methionine of each pseudogene. Furthermore, polyclonal antibodies that detect a full-length MSP2 (42 kDa) in Western blots do not detect any proteins in the region of 18 kDa, the expected size of the product if the pseudogenes were expressed, indicating that the pseudogenes are not functional coding regions (data not shown). Consequently pseudogene expression would require recombination into the expression site.
To address the question of whether these pseudogenes recombine into the operon expression site of msp2, we examined the expression site at various time points during infection. A. marginale DNA was isolated from two calves infected with the South Idaho strain and amplified with the use of primers spanning the hypervariable region of msp2 and linking these products to the operon, thus establishing that they were derived from the operon expression site (primer positions indicated in Fig. 1 ). PCR-derived amplicons were cloned, and genomic clones were sequenced. Pseudogene A-3 (AF305503) had a corresponding operon-linked genomic clone (828-45 g), demonstrating that pseudogenes, which reside elsewhere in the South Idaho strain genome, are recombined into the expression site during infection with this strain. To verify that the recombined pseudogene A-3 gave rise to functional transcripts, the experiment was repeated with RNA as the template, and the fragments from the resulting reverse transcription-PCR were cloned. Sequence analysis identified two clones (828-1c and 824-52c) that corresponded to A-3 and 828-45 g. These results demonstrate that the pseudogenes serve as a source of new hypervariable regions for the operon expression site of msp2.
MSP3, like MSP2, is a variable immunodominant surface protein belonging to a multigene family. BAC 2439 sequence data suggest that antigenic diversity of MSP3 is generated by the same mechanism as MSP2. The previously identified msp3-12 clone (8) appears to encode an authentic 5Ј end for the gene and is truncated toward the 3Ј end, whereas msp3-11 and 3-19 (8) start at aa positions 224 and 187, respectively, relative to msp3-12 (Fig. 5 ). When these msp3 sequences are spliced in silico they do not encode a fused domain of the appropriate size (86 kDa). The two msp3 genes found in this study (msp3-1 and msp3-2) start at position 130 relative to msp3-12. These two coding sequences start with the sequence PYQGYHSMLTALE and continue for 51 aa with 100% identity to the beginning of the msp2 pseudogenes (Fig. 5) . Although these four putative pseudogenes (msp3-1, -2, -11, and -19) are quite divergent, they have two regions of high sequence similarity: a stretch of 93 aa of 100% sequence identity near the amino terminus, following the region of identity to msp2, and a stretch of 61 aa near the carboxy terminus (95-100% identity). Like msp2, these pseudogenes encode a portion of a 5Ј conserved region, a divergent region with changes in sequence and length, and a 3Ј conserved region. An additional similarity is the 600 bp of the 5Ј flanking region that is highly conserved for msp2 pseudogenes 1 and 3 and for msp3 pseudogenes 1 and 2. The same 600-bp region 5Ј to the msp2 and msp3 pseudogenes is a substantially sized repeat that likely has a role in the recombination of both msp2 and msp3 pseudogenes. As the 5Ј regions of the msp3 and msp2 pseudogenes are the same, specificity for each target expression site must be ensured by the respective 3Ј recombinatorial site in the coding region of each gene.
Recombination of surface proteins to generate antigenic diversity occurs in several other bacterial pathogens. Tick-borne pathogens of the genus Borrelia undergo recombination of the vmp͞vls genes (1, 2). Two distinct features of this system are the telomeric placement of the expression site for each of these genes on a linear plasmid and the tandem array of the pseudogene reservoir. In contrast, the msp2͞msp3 system of antigenic diversity differs from Borrelia in that A. marginale contains no extrachromosomal plasmid, and the pseudogenes are distributed throughout the genome. Perhaps more similar to the antigenic variation of A. marginale are the non-tick-transmitted pathogens Neisseria gonorrhoeae (13) and Mycoplasma (14, 15) . These bacteria have pseudogenes distributed throughout the genome, with more than one type of pseudogene for a given full-length gene.
The agent of human granulocytic ehrlichiosis is the closest relative to A. marginale in ehrlichial genogroup II. Human granulocytic ehrlichiosis has an ortholog of msp2 called p44 or human granulocytic ehrlichiosis msp2 (BLASTP value e Ϫ100 ), which is also encoded by a multigene family (16) . Several expressed hypervariable regions of p44 were detected by reverse transcription-PCR, cloning, and sequencing (16) . Cloning of the genomic counterpart for these expressed hypervariable regions resulted in two genomic clones (p44-15 and 18) that were truncated at both the 5Ј and 3Ј ends and did not have consensus promoters. Although these two sequences did not start or end in the same positions relative to each other or to a full-length p44, the pattern of pseudogenes distributed throughout the genome appears to be similar to A. marginale msp2. Despite the fact that human granulocytic ehrlichiosis infects host species and cell types different from those infected by A. marginale, immune evasion is likely achieved through the same method of recombination from widely distributed pseudogenes into a functional expression site.
There are two unique features to the A. marginale antigenic variation system described here: the concerted appearance of pseudogenes for two different gene families and the 600 bp of the highly conserved 5Ј flanking region. Repeats of this length are highly unlikely to exist in bacteria (17) , and that this repeat should be so highly conserved when not encoding a functional gene product indicates that the composition is important. The juxtaposition of this repeat next to the pseudogenes for two gene families that undergo an extremely high rate of recombination is surely important. This arrangement of two pseudogenes in close proximity and the potential for these two gene families to use the same recombinatorial mechanism is a system that allows a greater potential for antigenic variation from a small genome. 
